Individual types of ion channels play a unique role in generating membrane excitation based on their gating and conductance properties. The contribution of a given ion channel has been extensively discussed in original experimental papers. However, the complicated interactions of more than 10 ionic current systems through a common membrane potential make it difficult to clarify their roles in membrane excitability. ; I ext , current applied through the electrode (pA); I ha , hyperpolarization-activated cation current (pA); I Kl , inward rectifier K ϩ current (pA); I KACh , ACh-activated K ϩ current (pA); I KATP , ATP-sensitive K ϩ current (pA); I Kpl , non-specific, voltage-dependent outward current (plateau current) (pA); I Kr , delayed rectifier K ϩ current, rapid component (pA); I Ks , delayed rectifier K ϩ current, slow component (pA); I l , total of background current (time-independent) components (pA); I l(Ca) , Ca 2ϩ -activated background cation current (pA); I Na , Na ϩ current (pA); I NaCa , Na ϩ /Ca 2ϩ exchange current (pA); I NaK , Na ϩ /K ϩ pump current (pA); I net X, whole cell current carried by ion X (pA); I RyR , Ca 2ϩ release through the RyR channel in SR (pA); I SR L, Ca 2ϩ leak from the SR (pA); I SR U, Ca 2ϩ uptake in the SR (pA); I SR T, Ca 2ϩ transfer from the SR uptake site to the release site (pA); I st , sustained inward current (pA); I to , transient outward current (pA); I tot , total current of ion channels and ion exchangers (pA); K mX , Michaelis constant for ion X binding; N, total number of channels; P x , convert factor (pA mM Ϫ1 ); p(X), probability of state X in a multiple states gate; R, gas constant, 8.3143 C mV K Ϫ1 mmol
Abstract: Individual ion channels or exchangers are described with a common set of equetions for both the sinoatrial node pacemaker and ventricular cells. New experimental data are included, such as the new kinetics of the inward rectifier K ϩ channel, delayed rectifier K ϩ channel, and sustained inward current. The gating model of Shirokov et ; G x , conductance (pA/mV); I a X, ion X component of current I a (pA); I bNSC , background non-selective cation current (pA); I Cab , background Ca 2ϩ current (pA); I CaL , L-type Ca 2ϩ current (pA); i CaL , single channel current of I CaL (pA); I CaT , T-type Ca 2ϩ current (pA); I ext , current applied through the electrode (pA); I ha , hyperpolarization-activated cation current (pA); I Kl , inward rectifier K ϩ current (pA); I KACh , ACh-activated K ϩ current (pA); I KATP , ATP-sensitive K ϩ current (pA); I Kpl , non-specific, voltage-dependent outward current (plateau current) (pA); I Kr , delayed rectifier K ϩ current, rapid component (pA); I Ks , delayed rectifier K ϩ current, slow component (pA); I l , total of background current (time-independent) components (pA); I l(Ca) , Ca 2ϩ -activated background cation current (pA); I Na , Na ϩ current (pA); I NaCa , Na ϩ /Ca 2ϩ exchange current (pA); I NaK , Na ϩ /K ϩ pump current (pA); I net X, whole cell current carried by ion X (pA); I RyR , Ca 2ϩ release through the RyR channel in SR (pA); I SR L, Ca 2ϩ leak from the SR (pA); I SR U, Ca 2ϩ uptake in the SR (pA); I SR T, Ca 2ϩ transfer from the SR uptake site to the release site (pA); I st , sustained inward current (pA); I to , transient outward current (pA); I tot , total current of ion channels and ion exchangers (pA); K mX , Michaelis constant for ion X binding; N, total number of channels; P x , convert factor (pA mM Ϫ1 ); p(X), probability of state X in a multiple states gate; R, gas constant, 8.3143 C mV K Ϫ1 mmol
Ϫ1
; SA factor, scaling factor for SA node cell sarcoplasmic reticulum (0.03); T, absolute temperature K; T, T*, TCa, TCa*, the 4 states of NL model (1996) ; V i , cell volume accessible for ion diffusion (m 
; y n , gating variable for two states gate (0Յy n Յ1); z X , valence of ion X; [X] , concentration of X (mM); k, ␣, ␤, , , rate constants (ms The overlap of electrogenic ion transporters with ion channel currents, and modulation of ion channel activity by the intracellular ion concentrations further complicate mechanisms underlying action potential generation. To dissect the role of individual current systems from the highly integrated system, a mathematical model of membrane excitation is prerequisite. The mathematical model may further provide a general rule in determining the relationship between the property and role of individual ionic systems. This approach will be useful, especially because an extremely large diversity of ion channel properties is expected from the presence of multiple pore forming and accessory subunits and alternative splicing of transcripts in various animal species [1] .
Cardiac cell models were expanded in greater detail from the Hodgkin-Huxley type (HH-type) membrane models to more comprehensive cell models by adding ionic pumps, intracellular ion concentrations, and the Ca 2ϩ dynamics of the sarcoplasmic reticulum (SR) (for review see Noble and Rudy [2] ). Major cardiac cell models have been developed discretely for a given cell type, and the mathematical descriptions of each channel type are not always common among different models. In order to clarify the relationship between the function and characteristics of a given current system, we developed model equations common for the two representative cell types, the SA node and ventricular cells, based on experimental findings. The difference in cell activity can be explained by different current densities as well as variable cellular components.
An additional constrain was adopted in simulating the intracellular Ca 2ϩ transient. We adopted the model of contraction (NL model [3] ) without any critical modification, except for correcting the temperature effects. One of the merits of the NL model is that it allows the calculation of sarcomere shortening, when compared with other models (for example, see Rice et al. [4, 5] ). Thus, the parameters of SR Ca 2ϩ dynamics were adjusted until the Ca 2ϩ transient evoked sarcomere shortenings, which are similar to our own experimental recordings in isolated ventricular cells [6] . This constraint of using an independent contraction model is critical because the models so far published assume a large variety of intracellular Ca 2ϩ transients with respect to both the peak magnitude and time course.
We incorporated new experimental data for the ohmic channel conductance of I K1 combined with the intracellular blocking mechanisms, the new kinetics of I Kr , the virtually exponential activation of I Na , and the experimental model of Ca 2ϩ -mediated inactivation of I CaL [7] . We adopted the time-dependent model of the Na ϩ /Ca 2ϩ exchanger [8] (see also Eisner and Lederer [9] ). The Na ϩ /K ϩ pump model is also based on a similar dynamic model [10, 11] and includes the ionchannel-like access channel [12] . The Ca 2ϩ pump on SR membrane described by Hilgemann and Noble [13] was slightly modified to express the relaxation.
We call the compound model the "Kyoto Model," and examine the model firstly by reconstructing classical electrophysiological findings in the ventricular cell. Examination of the SA node cell version will be described in the accompanying paper [14] .
METHODS
Physiological experiments. The methods of dissociating single ventricular cells from guinea-pig heart and of recording the sarcomere shortening in single ventricular cells are the same as described by Sasaki et al. [6] , and in accordance to the guidelines laid down by the Kyoto University Animal Welfare Committee.
General approach in modeling. The general approach is essentially the same as described previously [15, 16] . The numerical integration is based on a fourth-order Runge-Kutta method. Some of the experimental equations for rate constants described in the original literature give extremely large values at large V m and interfere with the integration. These equations were modified to give a saturation by using the following format. The volume of cell compartments and Ca 2؉ binding proteins. The V i for ion diffusion was assumed to be 50% of the apparent cell size ( Table 1) . The SR volume was divided into two compartments, the Ca 2ϩ release site and Ca 2ϩ uptake site [15] . The same concentrations of calmodulin and calsequestrin were used as in the LRd model (Table 2) , and instantaneous equilibrium was assumed for Ca 2ϩ binding. Ca 2ϩ binding to troponin was calculated using the Runge-Kutta method to simulate the contraction of the myocyte according to the NL model.
Calculation of the membrane potential and intracellular ion concentrations. Assuming that V m is homogeneous within a single cell, dV m /dt is given by Eq. 1 in 
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an overall rate for conversion from ADP to ATP is model adjusted (Eq. 12).
Inward ionic currents: I Na , I CaL , I CaT , I st , and I ha . I Na is composed of Na ϩ and K ϩ components (Eqs. 1-3 in Table 4 ). The permeability ratio (P Na /P K ϭ10) was adjusted to give a reversal potential of ϳϩ55 mV. The current amplitude was adjusted by varying P Na to give the appropriate maximum rate of rise of the ventricular action potential. For the SA node pacemaker cell, a minute amplitude of I Na was assumed. According to the oil-gap voltage clamp experiments [19] [20] [21] , the activation is almost exponential and the Na ϩ channel inactivates mostly through the open state. However, the inactivation kinetics have not been fully quantified by the oil gap study. We adopted the 4-state model of Shirokov et al. [7] (see also Ferreira et al. [22] ), which was developed for the L-type Ca 2ϩ channel (Scheme 4). The activation gate makes exponential transitions between states R (rest- 
Ultra-slow gate 
ing) and A (active), and the inactivation gate undergoes transitions between states P (primed) and I (inactivated). We used the original rate constants (Eqs. 5, 6, 9) described by Mitsuiye and Noma [19] [20] [21] with a minor modification. The inactivation step, AP↔AI is voltage-independent as observed in the Na ϩ -mediated current in the absence of divalent cations (Eqs. 9, 10). Other parameters were model adjusted. Microscopic reversibility was applied in calculating the step RP↔RI (Eqs. 11, 12). We added the ultra-slow inactivation [23, 24] The model of Shirokov et al. [7] , revised in 1997 [22] , clearly separates the voltage-dependent gates (the same scheme as Scheme 4 for the Na ϩ channel) and the Ca 2ϩ -dependent gate (Scheme 29), where C defines the "covered" (closed) and U "uncovered" (open) states. For convenience, we used this model after adjustment, referring to the experimental rate constants of Hagiwara et al.
[27] (Eqs. 21-28). Instead of using 16 states with 64 rate constants in the original paper, we calculated the two gates separately;
namely, p(RP)ϩp(AP)ϩp(AI)ϩp(RI)ϭ1, and p(C)ϩ p(U)ϩp(UCa)ϩp(CCa)ϭ1.
The interaction of the two gates was attributed to the Ca 2ϩ -binding steps in Scheme 29; namely, the transition rate from U to UCa is given by,
The open channel (p(AP)) senses the local Ca ] i ). The transition rate from C to CCa is tentatively assumed to be, According to the whole cell current as well as the single channel current, the reversal potential of I st ranged between ϩ10 to 30 mV [31] . Therefore, I st is described as a sum of Na ϩ and K ϩ components (Eq. 47). The reversal potential was set at ϳϩ20 mV (Eqs. 48, 49). The rate constants (Eqs. 50-53) were from Shinagawa et al. [32] . The tentative ultra-slow gate (Eqs. 54, 55) was assumed and model adjusted.
I ha is composed of Na ϩ and K ϩ components (Eqs. 56-58). I ha showed a sigmoidal onset of activation on hyperpolarization, and delayed removal of activation on depolarization beyond the reversal potential [33, 34] . Thus, the presence of two closed (C 1 
I ACh Only in SA node cell
The fourth component is I KATP (Eq. 9). The total number of channels per cell (N), the single channel conductance dependent on the external K ϩ concentration (␥), and p (open) were all referred to the original papers [56, 26] .
The last component is the Ca 2ϩ leak current (I Cab ) (Eq. 12), which is required to explain the post-rest recovery of the twitch contraction in rat myocardium [57] .
Reduced two-state models of the Na Table 7 ) was lumped into a two-state model (right panel) according to Powell et al. [8] . Under the assumption that the ion-binding steps are fast, and that the trans-membrane steps are rate-limiting, the probability of the ion-bound conformations for E 2 and E 1 (the fractions having their ion binding sites on the external and internal side, respectively) was described in terms of the competitive interaction between Na ϩ and Ca 2ϩ for a common ion binding site (Eqs. 2-5). The charge-carrying step was attributed to the Na ϩ transport step (Eqs. 6, 7, 10). The reversal potential, as well as the saturation of the IϪV relationship, was well simulated (for the IϪV curve, see Eisner and Lederer [9] ).
Essentially the same reduced model was applied to the Na ϩ /K ϩ pump current (Scheme 13) [10, 11] . The probabilities of each ion-binding state are described by Eqs. 14-17. The external ion-channel-like access pathway in the Na ] o were from Nakao and Gadsby [11] . The rate constants of all transmembrane steps were from Nakao and Gadsby [11] , and the IϪV curves at various ionic conditions (Fig. 3 in Nakao and Gadsby [11] ) were well simulated. The ATP-dependence of the Na ϩ /K ϩ pump experimentally obtained in the giant excised patch [58] was attributed to the k 1 step (Eq. 19). The Na ϩ /K ϩ pump current density in the SA node model was adjusted to the experimental data [59] and was also used for the ventricular cells.
Ca 2؉ dynamics in SR. The uptake of cytosolic Ca 2ϩ into the SR was simulated using the model of Hilgemann and Noble [13] . Although the original paper used the steady-state turnover rate to represent the Ca 2ϩ flux, we calculated the state transitions using Scheme 26 in Table 7 . The E 2 and E 1 conformations are the fractions having their ion-binding sites on the cytosolic and luminal sides of the SR membrane, respectively. The amplitude of I SR U (Eq. 35) was adjusted to simulate the time course of cytosolic Ca 2ϩ transient and contraction. The ATP-dependence was arbitrarily assigned to the k 3 step (Eq. 33).
Various models of E-C coupling or the state transitions of the ryanodine receptor (RyR) channel have been published [4, 60] . For convenience, we used the three-state model of the RyR channel [13] with a slight modification (Scheme 1 in Table 8 ). The closed state in the Kyoto model is analogous to the "precursor fraction" in the Oxsoft Model, the open state to the "activator fraction," and the unavailable state the "product fraction." Ca 2 -induced activation was described by including the single channel current (i CaL ), the open probability of the L-type Ca 2ϩ channel (Eq. 20 in 
for ventricular cell P l(Ca) ϭ0.44
for SA node cell (8) ] in the SR uptake site.
Cell contraction. The NL model is a lumped model, but effectively reconstructs key physiological findings, such as the force-length and force-velocity relations. We only modified the model to apply to the physiological temperature by multiplying the rate constants (Y 2 , Z 2 , Y 4 , and Z 4 in Negroni and Lascano [3] ) by three, which defines the cross-bridge attachment and detachment. (11) close open
RESULTS

Reconstruction of the ventricular cell activity
The model is continuous and reaches a steady state once the calculation is started with the initial values of time-dependent parameters shown in Table 9 , which were determined with the stimulus interval of 400 ms in the ventricular model. The intracellular concentrations of Na ϩ , K ϩ , and Ca 2ϩ remain stable from cycle to cycle, and the Kyoto model can respond in a reversible manner to a variety of interventions described below.
The whole cell IϪV relationship of the ventricular cell is reconstructed in Fig. 1 . In response to depolarizing pulses, the activation of I CaL is evident. The conductance of I K1 is small during depolarization, and the delayed increase in the outward current at ϩ50 and 60 mV is mainly due to I Ks activation. The magnitude of I Ks is a function of various factors and is variable as described in other literature (for example, see Wang et al. [48] ). We made use of the two-microelectrode voltage clamp experiment [62] , where the whole cell current level near the end of the test pulse to ϩ60 mV is less outward compared to that at the holding potential. The outward tail current on repolarization is due to the deactivation of both I Kr and I Ks . In the bottom panel, the current on hyperpolarizations is mainly due to the I K1 conductance. Note the time-dependent increase in I K1 at the onset of hyperpolarization as observed in experiments [37] . The rapid and transient inward currents on clamping back to Ϫ40 mV are I Na , which are partially relieved from inactivation during the preceding hyperpolarizing pulses.
The N-shaped late current-V m relationship is evident in B. The peak amplitude of I CaL is about Ϫ8 pA/pF and appears at about Ϫ10 mV as observed in experiments [63] . If the holding potential is shifted more negatively, the peak amplitude of I CaL becomes larger because ultra-slow inactivation is removed [29] . ] up is much more marked compared to the LRd model or the Oxsoft ventricular model and determines the relatively fast decay of the Ca 2ϩ transient, which is consistent with the simultaneous measurements of aequorin signal and contraction [64] . The time course of the sarcomere shortening is similar to the experimental one [6] ; peak shortening occurs about 100 ms after the rising phase of the action potential, and the duration at the level of 50% peak shortening is ϳ130 ms.
The maximum rate of rise of the action potential is set at about 170 V/s by adjusting the I Na amplitude. The resting membrane potential is Ϫ86 mV and the Cardiac Ventricular Cell Model ] i increases to ϳ1.3 M 23 ms after the rising phase of the action potential.
Ionic mechanisms underlying the plateau of the ventricular action potential
When the membrane is depolarized by the activation of I Na , the I K1 channel is rapidly blocked (Fig. 3,  left) . The major inward current, which maintains positive potential during the plateau, is the non-inactivated component of I CaL (Fig. 3, right) . The delayed activation of both I Ks and I Kr is responsible for the slow repolarizing phase of the action potential. The time-dependent increase of I Kr is due to removal of the inactivation with a more negative potential (y 3 gate in Eqs. 18, 19 in Table 5 ). The rapid fall of the action potential is mainly determined by I K1 . The model adjustment of I bNSC will be described in relation to Fig. 9 . I NaCa during the rising phase of the action potential is outward, and then turns inward according to the Ca 2ϩ transient [66] . I NaK is slightly increased during the action potential because of its voltage dependency. The amplitude of I Na is small during the plateau and at the resting potential.
Response to train pulse stimulation (staircase phenomenon)
The SR Ca 2ϩ dynamics were tested by simulating the staircase phenomenon. The top panel in 
Fig. 1. Voltage clamp experiments. A:
The current recordings on voltage jumps to: 0 to ϩ60 (top), Ϫ50 to Ϫ10 (middle), and Ϫ100 to Ϫ60 mV (bottom) from the holding potential of Ϫ40 mV. The duration of the clamp pulse is 500 ms. The intracellular Ca 2ϩ transients were completely suppressed by excluding the calculation of the intracellular cation concentrations. B: The IϪV relationships measured for the initial peak current and at 500 ms after the onset of the clamp pulse, which was applied at intervals of 2 mV. The current amplitude is normalized to the input capacitance.
dicates the experimental recording of sarcomere shortening evoked by a train pulse in a single ventricular cell. The first pulse evoked the largest shortening and the second is the minimum followed by the positive staircase for the successive stimulus. The amplitudes of the sarcomere shortening as well as the time course of the staircase were well reconstructed as shown in the middle and bottom panels.
The mechanism of the positive staircase is demonstrated in Fig. 5A . The minimum contraction is due to a decrease in the available RyR channels because of limited recovery during the stimulus interval of 400 ms (bottom row). The following positive staircase is simply due to the accumulation of Ca 2ϩ in the SR (third row), which is mainly due to the increased Ca 2ϩ influx caused by the increased frequency of I CaL activation.
Figure 5B shows the reverse changes when the stimulus interval was switched from 0.4 to 1.5 s. The first contraction is the last one evoked with the 0.4 s interval. During the following 1.5 s interval, the availability of RyR channels is fully recovered so that the second contraction is of the maximum amplitude. The magnitude of the third contraction is clearly smaller than the second as in the experiment (not shown) because the SR Ca 2ϩ content is decreased due to Ca 
Role of I CaL and its Ca
2؉ -mediated inactivation
The major role of I CaL in determining the plateau [67] is tested by amplifying I to as shown in Fig. 6 . In the control, the amplitude of I to is negligibly small compared to I CaL . When I to is multiplied by 100, the plateau potential immediately after the overshoot potential is shifted negatively by a few mV. Thereby, the I CaL amplitude is markedly increased through the increase in the driving force for Ca 2ϩ , as if a mirror image of I to . If other outward currents such as I Ks and I Kr are increased, I CaL during the plateau potential is also increased (not shown). These findings are in good accordance with the experimental finding that the I CaL amplitude is markedly increased by a small negative shift of the plateau phase in the action potential clamp experiment [25] .
Experimentally, the elevation of [Ca 2ϩ ] o shortens the action potential and reduction of [Ca 2ϩ ] o lengthens it (single cell [68] , multi-cell preparation [69] ). When [Ca 2ϩ ] o is increased from 1.8 to 5.4 mM in the Kyoto model (Fig. 7A) , the I CaL amplitude is increased, at least in the first half of the action potential. However, the increase in i CaL accelerates closure of the Ca ] in the SR uptake site (upper trace) and SR release site (lower trace). The bottom row indicates the availability of the RyR channels (p(close) in Scheme 1 in Table 8 ). B: The pulse train with an interval of 1.5 s was started after stable contraction was obtained with the stimulus interval of 400 ms. modified by varying I K1 (Fig. 8A) . On the other hand, the peak magnitude of I Ks is obtained in the middle of the plateau so that I Ks determines the early repolarizing phase (Fig. 8B) . The peak magnitude of I Kr is attained much later than the peak of I Ks but earlier than that of I K1 (Fig. 8C) . It may be concluded that the role of providing repolarizing current is taken over in the sequence of I Ks , I Kr , and I K1 .
The contribution of the time-independent current, I KATP , was examined by depleting the [ATP] i by decreasing the rate of conversion of ADP to ATP to 1% of the control (Eq. 12 in Table 3 ). The action potentials as well as the I KATP obtained at the 13th and 16th pulses after inhibiting ATP production were superimposed on the control (Fig. 8D) . Since I KATP conductance is nearly ohmic and time-independent, the depression of the plateau potential is obvious immediately after the rapid rising phase of the action potential, and the action potential duration is markedly reduced.
Role of I K1 in determining resting potential and action potential duration
The K ϩ conductance of the resting membrane is largely determined by the I K1 channel. The action potentials in ion channels in cardiac membrane excitation and contraction. The improvement of the Kyoto model compared to the Oxsoft or LRd models is summarized as follows: (1) The recent experimental data on I Na , I st , I ha , I K1 , I Kr , I Ks , I KATP , and I l are included (see METH-ODS) . (2) The Ca 2ϩ -mediated inactivation of I CaL is based on the model of Shirokov et al. [7] . (3) The Na (Fig. 9) . Although the experimental data used to develop the model were limited largely to the guinea pig ventricle or rabbit SA node cells, the role of individual current systems described above should be applicable to different cardiac cell types and animal species. The effect of enlarging I to , for example, is a representative case (Fig. 6) . Unexpectedly the amplitude of I CaL during the action potential was increased when the I to amplitude was arbitrarily increased. This mechanism of increasing I CaL by increasing I to should be very useful in the rat or mouse heart, where the action potential duration is shorter compared to other species. Additionally, the marked phase 1 repolarization in the Purkinje action potential may be useful in driving larger Ca 2ϩ influx through the I CaL channels. Song et al. [74] . In the Kyoto model, the peak amplitude of I RyR is ϳ6.5 nA, which is similar to the experimental values. The average I SR U during action potential (ϳ2 nA) is nearly three times larger than that in the experiment measured at room temperature [72] , while larger I SR U is necessary to simulate the faster decay of the Ca 2ϩ transient at the physiological temperature. The I SR L of ϳ600 pA is also larger than that in rat experiments, but was necessary to simulate the post-rest decay of the twitch contraction in guinea pig myocytes in contrast to the post-rest potentiation in rats [57] .
In the single ventricular cells of both rat and guinea pig, the inhibition of SR function by applying both ryanodine and thapsigargin nearly perfectly depresses the phasic shortening of sarcomere, although the depolarizing pulse induces I CaL . This fact indicates that the Ca 2ϩ influx through I CaL is much smaller compared to the Ca 2ϩ release from SR. In a more systematic study by Wier et al. [72] , the ratio of peak Ca Fig. 10 . Compared to these values, the LRd model assumed a much smaller value of ϳ2.3. This may be due to the assumption of the largest I CaL (5.2 pA/pF) during the action potential, which is compensated only by assuming a relatively large outward I Ks and I Kr compared to other models (Fig. 10B) . It should also be noted that the amplitude of I CaL during the action potential in the Kyoto model is very similar to the experimental record of Linz and Meyer [25] . It may be concluded that the model parameters for the Ca 2ϩ dynamics in the present study are in good accordance with the experiment.
Limitations of the Kyoto model
To describe the kinetics of various components in the Kyoto model, we intentionally used a common set of equations for both the SA node pacemaker and ventricular cells. However, it is not totally clear that a common subtype of ion channel protein or ion transporters is expressed in the two cell types. At least in electrophysiological experiments, no obvious differ-ence in the kinetics has been demonstrated in most current systems. We believe that the approach in the Kyoto model will be useful for establishing general rules for determining the role of ion channels based on their gating and conductance properties.
As in the Oxsoft and LRd models, the extensive influence of intracellular ion concentrations on membrane excitation is demonstrated in the Kyoto model. Therefore, the relevance of a model is very much dependent on the appropriateness of the reconstructed Ca 2ϩ transient. In the Kyoto model, the SR Ca 2ϩ dynamics were described by a simpler model than the recent Oxsoft version [75] , which included diadic space. However, at present, unknown factors hamper the construction of a diadic space model such as the actual volume of the diadic space, peak Ca 2ϩ concentration in the diadic space, the fraction of the whole-cell I CaL channels, and the Na ϩ /Ca 2ϩ exchangers having direct access to the diadic space and the diffusion constant of ions in both the diadic and bulk cytoplasmic spaces. On the other hand, the original Shirokov model [7] (Eqs. 2, 3) . The homeostasis of the intracellular cation concentrations under the condition of current clamp experiments is well accomplished in the Kyoto model. This was only possible by converting all components of membrane current, including the stimulus current through the external circuit, into ion fluxes [17] . By this means, the sum of intracellular cation concentra- We are aiming to develop a comprehensive model that can reconstruct the coupling of the membrane excitation with the intracellular ion concentrations, the energy metabolism and the signal transduction. Toward this end, the model will become more complex if new experimental data is added in future. For largerscale models on the tissue or whole heart level, the comprehensive model may be reduced by excluding parameters that are not related to the aim of largescale modeling. 
